Abstract-A thermionic cusp electron gun has been designed, numerically optimized and experimentally measured and is presented. A 40 kV, 1.5 A annular axis-encircling electron beam has been simulated to generate a beam with low velocity and alpha spreads. The electron gun performance has been verified through experiments and the results are given.
I. INTRODUCTION AND BACKGROUND
H IGH-POWER high-frequency coherent radiation sources in the millimeter to sub-millimeter wavelengths have attracted significant research interest recently. Gyro-devices are promising candidates to fulfil this demand due to their inherent fast-wave interaction. Many gyro-devices operate at harmonics in order to reduce the required magnetic field strength by a factor of s, the harmonic number. In order to drive the harmonic interaction a mode-selective electron beam is required. An axis-encircling electron beam is ideal for harmonic interaction as the harmonic of the beam's cyclotron mode only interacts with the azimuthal index of the waveguide mode. The cusp electron gun uses a non-adiabatic magnetic field reversal to impart rotational velocity, through the conservation of canonical momentum [1] , [2] , to the electron beam. Two solenoids, in opposing directions, are required in order to create the cusped magnetic field in-front of the cathode.
The electron gun was designed to drive multiple microwave sources including two gyro-devices that are currently being experimentally tested at the University of Strathclyde as well as a 390 GHz gyrotron [3] . The gyro-BWO [4] and gyro-TWA [5] both use a helically corrugated waveguide [6] interaction region and are predicted to have 10's kW level output power over the 84-104 GHz and 90-100 GHz frequency range respectively.
The cusp electron gun was numerically optimized [7] using CST Microwave Studio and Opera-3D. Then the gun was built and experimentally tested [8] . We present the results of the simulations and measurements here.
II. THEORY
When the electron beam travels through a non-adiabatic magnetic field reverseal it gains rotational velocity around the central axis of the electron beam. The effect is caused by the conservation of canonical angular momentum before and after the reversal. This conservation is described in Eq. 1, which is satisfied by an off-axis beam, before the field reversal, where v θ is zero. As the magnetic field amplitude changes sign v θ must be non-zero in order to satisfy the equation.
Where, P θ is the theta component of the canonical momentum, A θ is the vector potential, q, m, r are the electron charge, mass and radius from the axis respectively. When the magnetic field changes sign the vector potential also changes sign due to equation (2) so therefore cannot be zero to still satisfy this equation.
Where, Φ is the magnetic flux inside a circle of radius R.
It is possible to show that the alpha value of the beam in the downstream uniform B field region is governed by Eq. (1):
Here V and ω are electron velocity and angular cyclotron frequency, subscripts ⊥, z denote transverse and z components, 0 and c the final and cathode region respectively.
III. NUMERICAL SIMULATIONS
The 3D particle in cell (PIC) code MAGIC was used to numerically simulate and then optimize the electron gun. Desirable electron beam properties include a uniform beam density, minimal off-centering coupled with a low velocity spread. As the gun has to drive multiple gyro-devices it had to operate over a wide range of alpha values, from 1 up to 3, with a beam current of 1.5 A at an accelerating voltage of 40 kV. The optimized design, at 1.82 T and alpha of 1.65, is shown in Fig. 1 .
The simulated beam trajectories are shown in Fig. 2 . The alpha value of the electron beam can be adjusted by changing the magnetic field amplitude at the cathode and/or at the downstream uniform region. Analysis of the generated electron beam in the uniform magnetic field region, at B 0 =1.82 T, showed an axial velocity spread (∆V z /V z ) of 8% and an alpha spread (∆α/α) of 10%. 
IV. EXPERIMENTAL SETUP
The operation of the cusp electron gun requires many different components including: the two solenoids, the power supplies, the beam tube, vacuum arrangement and diagnostics. The experimental setup can be seen in Fig. 3 . The reverse coil can be seen on the left-hand side of the figure while the cavity coil is on the right. These coils were wound using rectangular insulated copper wire with cross-sectional area (2.2 x 2.2) mm 2 and were water cooled. The cusp gun was driven by a double cable Blumlein, which had an output voltage pulse of 40 kV over ∼400 ns. The emitted current was measured using a Rogowski coil which was placed around the earth line connected to the anode. The transported current was measured using a Faraday cup situated at a location where the B-field was maximum (B 0 ). The beam profile was measured by a witness plate technique in the form of a scintillator, which was placed inside the beam tube where the B-field was 0.9B 0 . 
V. EXPERIMENTAL MEASUREMENTS
The electron beam voltage, diode current and transported current were measured showing that a 40 kV, 1.5 A electron beam was generated and transported through the beam tube. The cross-sectional shape was then recorded through a witness plate technique. Through analysis of the profile the alpha value was calculated [2] by knowing the diameter of the electron beam as well as the magnetic field. The measured results were found to be in excellent agreement with the simulated results. The accelerating voltage pulse and transported electron beam current can be seen in Fig. 4 . 
VI. CONCLUSION
A 40 kV, 1.5 A cusp electron gun was simulated, optimized, constructed and measured. The optimized cusp gun was simulated to produce the desired electron beam with ∼8% velocity spread and ∼10% alpha spread. The experimentally measured beam results agree well with the simulations.
